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This paper reports on the measurement of the optical properties of fresh fruits and vegetables over the
visible and short-wave near-infrared region (500-1000 nm) using a spatially resolved steady-state diffuse
reflectance technique. A hyperspectral imaging system in line scan mode was used to acquire spatially
resolved diffuse reflectance images from the samples of apple (three varieties), peach, pear, kiwifruit, plum,
cucumber, zucchini squash, and tomato (at three ripeness stages) over the spectral range of 500-1000 nm.
The absorption and reduced scattering coefficients of the samples were determined from the spatially
resolved scattering profiles using inverse algorithms for a diffusion theory model. Spectra of the absorption
coefficient were featured by major pigments (chlorophyll, anthocyanin, and carotenoid) and water in the
samples, whereas spectra of the reduced scattering coefficient generally decreased with the increase of
wavelength. Values of the absorption and reduced scattering coefficients varied greatly among the test
samples. Large differences in the absorption spectra were observed for the tomatoes of three ripeness
stages (green, pink, and red), and their ripeness was correctly classified using the ratio of the absorption
coefficient at 675 nm (for chlorophyll) to that at 535 nm (for anthocyanin). Values of the reduced scattering
coefficient positively correlated with the firmness of tomatoes at individual wavelengths of 500-1000 nm,
with the maximum correlation of 0.66 being obtained at 790 nm. Light penetration depths, defined as the
depths at which the incident light was reduced by 99%, were estimated to be between 0.97 and 6.52 cm for
the fruit and vegetable samples over the wavelength range of 500-1000 nm; they were influenced by major
pigments in the plant tissue. The spatially resolved steady-state diffuse reflectance technique provides
a convenient and efficient means for measuring the optical properties of turbid food and agricultural
products.

Published by Elsevier B.V.

1. Introduction

properties are characterized by the absorption coefficient (u,) and
reduced scattering coefficient (u}) (Tuchin, 2000). Knowledge of

Light interaction with turbid biological materials, such as fruits
and vegetables, is a complicated phenomenon involving both
absorption and scattering. In a strongly scattering material, photons
often undergo multiple scattering before being absorbed or exiting
from the material. Light absorption is primarily related to chemical
constituents of the material (e.g., sugar), whereas light scattering
is influenced by structural/physical characteristics (density, parti-
cle size, and cellular structures). These two fundamental optical
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these optical properties is critical for quantitative understanding
of light interaction with turbid biological materials and the devel-
opment of effective optical techniques for quality evaluation and
safety inspection of food and agricultural products. However, since
absorption and scattering are intertwined, they are difficult to mea-
sure from intact turbid food and agricultural products using such a
technique as near-infrared (NIR) spectroscopy.

Near-infrared spectroscopy is now widely used for determining
chemical constituents or quality attributes of food and agricul-
tural products (Williams and Norris, 2001). NIR measurements
may be performed from either intact samples or specially pre-
pared samples in reflectance, interactance, or transmittance mode.
‘Absorption’ spectra are then obtained using the Beer-Lambertian
law, which are calculated as the logarithm of the ratio of reflectance
or transmittance from the sample to that from a standard. NIR
absorption spectra approximately describe the aggregate effect
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of absorption and scattering in food samples; they do not offer
separate information on the absorption and scattering properties.
Hence, NIR spectroscopy, in essence, is an empirical technique that
relies on statistical methods to relate spectral features to the chemi-
cal or physical attributes of food samples. Because of its empiricism,
conventional NIR measurements are not suitable for quantitative
analysis of light absorption and scattering in scattering-dominant
food materials.

In contrast to conventional NIR spectroscopy that is widely
used for evaluation of food and agricultural products, a different
approach has been used in biomedical engineering research to mea-
sure or identify different types of biological tissues. This approach
is based on the measurement of spectral absorption and scatter-
ing properties (i.e., i, and pj) of turbid materials that may be
adequately described by the radiation transfer theory (Roggan et
al,, 1999; Zonios et al., 1999; Tuchin, 2000; Vo-Dinh, 2003; Zhang
et al., 2005; Palmer et al., 2006). This approach would give more
information about the sample because absorption and scattering
properties are decoupled and obtained simultaneously. Moreover,
this fundamental approach provides an important means for ana-
lyzing or quantifying light scattering and propagation inside the
turbid medium, and hence it could be potentially used for imag-
ing the interior structure of the medium, which would otherwise
be impossible with conventional NIR spectroscopy. The approach,
however, generally requires more sophisticated instrumentation
and complex mathematical algorithms, which could be problem-
atic for food products because of cost and speed concerns. Several
methods based on this fundamental approach have been devel-
oped for determining p, and p; of turbid biological materials.
These methods may be divided into three main categories: time-
resolved (Patterson et al., 1989), frequency-domain (Patterson et
al., 1991), and spatially resolved steady-state methods (Groenhuis
etal., 1983b). With the time-resolved and frequency-domain meth-
ods, a high-frequency pulse light source and/or a tunable laser
source are needed (Fishkin et al., 1997; Ntziachristos and Chance,
2001). The two methods are especially suitable for medical diag-
nosis of abnormal tissues within a heterogeneous body. However,
both time-resolved and frequency-domain methods are expensive
in instrumentation and inefficient or time consuming in mea-
surement, and require good contact between the sensor and the
object to be measured. In addition, both methods may not cover a
wide spectral region due to a limited wavelength tunable range
of the light sources currently available (tunable lasers are often
required).

The spatially resolved steady-state methods use light sources
of constant intensity and multiple detectors at different distances;
they are less complicated in instrumentation compared to the
time-resolved and frequency-domain methods. Spatially resolved
methods can be further divided into contact detection using opti-
cal fiber arrays (Nichols et al., 1997; Doornbos et al., 1999; Dam et
al., 2001) and noncontact detection based on image reflectometry
(Wang and Jacques, 1995; Kienle et al., 1996; Pham et al., 2001). The
contact detection method, which has been extensively researched
for measuring the optical properties of biological materials, is less
desirable for food products because of safety and speed require-
ments. The noncontact imaging-based method is advantageous for
studying food and agricultural products, but it is often limited to
single or a few wavelengths.

Techniques for the measurement of optical properties of food
and agricultural products are still not well developed, and only lim-
ited research has been reported. Cubeddu and colleagues (Cubeddu
etal,, 2001a,b; Valero et al., 2004) and Chauchard et al. (2005) used
time-resolved spectroscopy for determining the optical properties
of apples and other fruits. Xia et al. (2007) measured the optical
properties of beef muscle for predicting meat tenderness using a

spatially resolved technique in contact sensing mode. These tech-
niques are difficult to perform on such food products as fruits and
vegetables because of size and geometry limitations, and they are
still not viable for assessing, sorting, and grading horticultural prod-
ucts.

Our laboratory has recently developed a hyperspectral imaging-
based spatially resolved technique for the measurement of quality
attributes of fruit (Lu, 2003, 2007; Lu and Peng, 2006). The tech-
nique was further refined and improved for measuring the optical
properties of turbid liquid foods (milk and juice) (Qin and Lu, 2007).
Compared to time-resolved and spatially resolved techniques in
contact sensing mode, the hyperspectral imaging technique is non-
contact, faster, and simpler in measuring the optical properties, and
hence it would be more suitable for food and agricultural products.
This research was aimed to apply this new technique for measur-
ing the optical properties of fruits and vegetables in the visible and
short-wave near-infrared region. Specific objectives of this research
were to

¢ develop an improved hyperspectral imaging configuration that is
appropriate for measuring spatially resolved reflectance profiles
from intact samples of fruits and vegetables,

e derive a mathematical equation for correcting the spatially
resolved diffuse reflectance profiles due to the effect of the curved
sample surface,

e measure the absorption and reduced scattering coefficients of
selected fruit and vegetable samples over the spectral range of
500-1000 nm, and

e demonstrate two examples of using optical properties for esti-
mating the maturity/quality of tomatoes and light penetration
depths in the fruit and vegetable samples.

2. Materials and methods
2.1. Diffusion theory model

The radiation transport equation, also known as the Boltzmann
equation (Tuchin, 2000), provides a mathematical description for
the flow of energy or photons in a scattering system. The original
form of the transport equation is rather complicated and difficult to
solve either analytically or numerically. However, for a large class
of biological materials in which scattering is dominant (i.e., u; >
JLa), the radiation transfer equation can be simplified to a diffusion
approximation equation. For certain cases, an analytical solution
to the simplified diffusion equation may be obtained. Farrell et al.
(1992) studied diffuse reflectance at the surface of a semi-infinite
turbid material when it is impinged upon by an infinitely small
light source vertically. They derived an analytical solution from the
diffusion equation to describe diffuse reflectance, Ry, at the surface
of the semi-infinite turbid material as a function of source-detector
distance and the optical properties of the investigated material (i.e.,
the absorption and reduced scattering coefficients, and the relative
refractive index), which is given below:

a 1 1\ exp(— T
Re(r) = an [W (Meff+ E) 7[)( rl;e“ 1)
t 1

1  4A 1\ exp(—fegT2)
+ | =+ 5 +— | — e 1a
(H/t 3 ) (Me“ r ) 2 (13)

where r is the distance from the incident point, a’ is the transport
albedo [a’ = wi/(pa + ws)], tegr is the effective attenuation coef-
ficient (sesr = [3pta(pta + 1£4)1'%), and W is the total interaction
coefficient (p; = a4+ ps). r1 and rp are expressed by the following
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Fig. 1. Hyperspectral imaging system for acquiring spatially resolved scattering images from a fruit sample.

two equations:
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where A is an internal reflection coefficient determined by the mis-
match of refractive indices at the interface, and it can be calculated
from empirical equations (Groenhuis et al., 1983a). In this research,
the refractive indices for fruit and vegetable samples were assumed
constant (1.35) (Mourant et al., 1997). Once A is determined, the
shape of the spatial diffuse reflectance profile is uniquely deter-
mined by p, and p through Eq. (1a). Therefore, if the reflectance
profile over the surface of the turbid material resulting from a point
source is known, (1, and wg may be determined via Eq. (1a) by an
inverse algorithm.

Since scattering is dominant for most biological materials
including food and agricultural materials, Farrell model (Eq. (1a))
can satisfactorily describe spatial diffuse reflectance profiles for
these materials when they are illuminated with a small size light
source. In this research, Farrell model was used for determining the
absorption and reduced scattering coefficients of fruits and veg-
etables. While fruits and vegetables are not exactly semi-infinite
homogeneous media, their sizes are generally far greater than
the scattering distances (~10 mm) measured. Hence Farrell model
could be applied to obtain reasonable results.

2.2. Hyperspectral imaging system

A hyperspectral imaging system (Fig. 1) developed in the
U.S. Department of Agriculture Agricultural Research Service
(USDA/ARS) postharvest engineering laboratory at Michigan State
University in East Lansing, Michigan was used for acquiring spa-
tially resolved scattering images from fruit and vegetable samples.
The imaging system mainly consisted of a light source unit, a hyper-
spectral imaging unit, and a sample handling unit. The light source
was a 250-W quartz halogen tungsten lamp with a dc-regulated

control housing (Oriel Instruments, Stratford, CT, USA) installed
with a digital light intensity controller (Spectra-Physics, Mountain
View, CA, USA). The broadband light was coupled to an optic fiber
and a microlens to generate a 1.0-mm diameter beam incident upon
the sample at 15° from the vertical direction. The optic fiber was
100 pm in diameter and the microlens was 6.4 mm in size and
had a focusing distance of ~130 mm. The hyperspectral imaging
unit operated in line scanning mode. The unit was composed of
a zoom lens, a prism-grating-prism-based imaging spectrograph
(ImSpector V10, Spectral Imaging Ltd., Oulu, Finland) covering
the spectral range between 400 and 1000 nm, a 512 x 512 pixel
back-illuminated CCD camera (Model C4880-21-24A, Hamamatsu
Photonics Systems, Bridgewater, NJ, USA) covering the spectral
range between 200 and 1100 nm, and a computer equipped with
a frame grabbing board for controlling the camera and acquiring
images. Reflectance from pixels of the scanned line was dispersed
into different wavelengths, which were then projected onto the CCD
detector to create a special 2D reflectance image: one dimension
represents spatial information and the other dimension spectral.
After 2 x 2 binning operations, a hyperspectral scattering image of
256 x 256 pixels was obtained, which had a spectral resolution of
4.54 nm/pixel and a spatial resolution of 0.20 mm/pixel.

Different from the image acquisition method for liquid sam-
ples used in the previous study (Qin and Lu, 2007), a new sample
handling unit was assembled for automatically positioning each
sample for imaging. Two motor-controlled stages were used to con-
trol the position and the movement of the sample. A miniature
photoelectric sensor (E3T-ST12, Omron Electronics, Schaumburg,
IL, USA) served to generate a horizontal through-beam at a prede-
termined height, and it was used as the benchmark for adjusting
the height of the samples. To maintain the same surface height for
all samples with different sizes, the vertical stage elevated each
sample to the predetermined level of the through-beam. When the
sample blocked the light beam, the receiving sensor sent a signal to
the motor, and the vertical stage was stopped automatically. There-
after, the precision stage with a horizontal displacement accuracy
of 0.36 pm (MM-4M-EX-80, National Aperture, Salem, NH, USA)
carried the sample at a constant speed in the direction perpendic-
ular to the scanning line of the imaging spectrograph (Fig. 1). The
movement of both vertical and horizontal stages was controlled
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by a computer through the serial ports connected to the motors,
and the stage control program was incorporated into the CCD cam-
era control software to synchronize the sample movement and the
image acquisition.

The hyperspectral imaging system was calibrated both spec-
trally and geometrically by following the procedure described by
Lu and Chen (1998). Spectral calibrations were performed using
spectral calibration lamps (i.e., mercury, xenon, and krypton) and
a fluorescence light. Geometrical calibrations were done with a
white paper printed with thin parallel lines of 2 mm apart. More-
over, any optical design imperfection and other factors (e.g., specific
settings of the lens and prisms) would cause a nonuniform instru-
ment response along the slit of the imaging spectrograph, which
would in turn affect the measurement of spatial reflectance pro-
files. Hence in addition to spectral and geometrical calibrations, a
third calibration procedure was performed to correct the nonuni-
form instrument responses over the wavelengths of 400-1000 nm.
The instrument response calibration required a specially assem-
bled calibration device consisting of a light source and a Teflon
standard mounted on a platform carried by a high precision motor-
controlled stage. Detailed procedures for nonuniform instrumental
calibrations for the hyperspectral imaging system can be found in
Qin and Lu (2007).

The hyperspectral imaging system line scanned the sample
1.6 mm off the incident point to avoid saturating the CCD detector
by high intensity signals near the incident point but without losing
essential scattering information. The hyperspectral imaging system
collected spatially resolved scattering images from each sample
for every 1 mm horizontal displacement over a range of 9 mm (10
scans, see Fig. 1) as it was moving at the pre-determined velocity of
1 mm/s during the image acquisition. Each 2D hyperspectral scat-
tering image was obtained with the camera exposure time of 0.1 s.
Compared to the method of single line scanning at a fixed posi-
tion in the previous study, the new method would provide more
accurate measurements of the optical properties of samples since
individual scanning images were averaged over the scanning area
of the fruit surface, and only average images were used for further
analysis.

2.3. Fruit and vegetable samples

Eight samples each of five fruits, including apple (‘Golden Deli-
cious’, ‘Red Delicious’, and ‘Fuji’), peach, pear, kiwifruit, and plums,
and two vegetables (cucumber and zucchini squash) were pur-
chased at a local supermarket. In addition, 60 tomatoes, 20 for each
of the three ripeness stages (green, pink, and red), were also used
in the experiment. These tomatoes were harvested from an experi-
mental field at the Michigan State University Horticultural Teaching
and Research Center in Holt, MI, USA in August 2006.

The equatorial diameter of each sample was measured using a
digital caliper after imaging, which was later used for correcting
the hyperspectral scattering profiles. The firmness of tomatoes was
measured from the same imaging area after removal of fruit skin,
using a texture analyzer (Model TA.XT2i, Stable Micro Systems, Inc.,
Surrey, UK) equipped with a 3-mm Magness-Taylor (MT) probe at a
loading speed of 2 mmy/s. Force/displacement curves were recorded
for up to a penetration depth of 8 mm and maximum forces were
chosen as the reference values of fruit firmness.

2.4. Correction for the size effect of samples

Reflectance measurements for fruits and vegetables are affected
by the curvature of each sample. To obtain consistent reflectance
signals from the samples, the effect of the fruit surface curvature
should be taken into account in the measured reflectance scatter-

Zoom Lens
______ =

Fruit
@) (b)

Fig. 2. Correction for light intensity distortion caused by the curved surface of the
sample: (a) the geometric relationships between the imaging system and the fruit
and (b) the radiance emitting from a line element dS within an angle df (the shaded
area) at an angle 6 to the normal of the line element.

ing profiles. The effect of the curved fruit surface on reflectance
measurements are illustrated in Fig. 2a, in which r, is the radius
of the fruit that is assumed to be circular or cylindrical, r; is the
radius of the zoom lens, L is the object distance, r is the horizon-
tal distance to the illumination center, Iy is the normal component
of the reflectance at the fruit surface, and I represents an arbitrary
reflectance intensity component entering the imaging system. It
was assumed that the reflectance emitted from the sample sur-
face at a given point obeys the Lambertian Cosine Law (Kortiim,
1969), which is valid for turbid materials, as confirmed by Kienle et
al. (1996). This means that the component I with an angle 6 with
respect to the surface normal can be calculated as I=1I, cos 6.

Consider the light energy emitting from a very small line ele-
ment dS at a distance r from the illumination center. Since the line
element dS is very small, it can be approximated to be a straight
line. The light power passing through the line element dS inside a
shaded area of angle df at an angle 6 to the normal direction of the
line element dS (Fig. 2b) is given by

dR = I(dS cos 8)dO = (I, cos 8)(dS cos 6)dO (2)

where dS cos 6 represents the projected length of the line element
that is perpendicular to the direction of radiation, and the Lamber-
tian cosine law has been applied (i.e., I=1I, cos ). The total energy
or reflectance, Re, entering the imaging system from the line ele-
ment dS is the integration of the reflectance component I over the
acceptance angle (6, — 64) of the zoom lens (Fig. 2a), which can be
calculated by the following equation:

)
Re(r) = / Iy dS cos?0 dé
01

_ 92 sin 292 091 sin 291
_Ivd5{<2+ 2 ><2+ 2 )] (3)

where 01 =a —y, O =a+ B, a=sin~1(r/ry), B=tan"1((r, +1)/(L+h)),
y=tan~1((r, —r)/(L+h)),and h=r, — (r? — rz)ll2 (see Fig. 2 for the
description of each symbol).
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Fig. 3. Procedures for determining the optical properties of fruits and vegetables
from the spatially resolved hyperspectral scattering images.

Eq. (3) shows that once the setting of the imaging system (i.e.,
the distance between the sample and the lens and the lens size)
is chosen, the measured reflectance R would be dependent on
the scattering distance and the curvature of the fruit. The accep-
tance angle for the measured reflectance at scattering distance r=0
is equal to 20, where 8y =tan~1(r,/L). If the scattering distance is
greater than zero, the acceptance angle will change, which will in
turn affect the measured reflectance. Ideally, the imaging system
should collect the reflectance covering the same acceptance angle
of 20 at each scattering distance. This cannot be achieved with the
current imaging system. However, we may calculate the correct or
actual reflectance at any scattering distance based on the knowl-
edge of the normal reflectance component I, which is obtained via
the following equation:

. . -1
() = [(iz N sm8292> 3 (i] N sm82«91 )} Rz](sr) )

The correct reflectance R at scattering distance r should be equiva-
lent to the integration of I over the acceptance angle of —6g to +6g
(Fig. 2a), which is given by the following equation:

sin 26y

X >:C<r>Re(r) (5)

bo
R(r) = / Iy dS cos?6df = I, dS <90 +
,00

where C(r) is the correction factor which is given by
(90 + sin 290/2)
(62/2 +sin20,[4) — (01/2 + sin 26, /4)

Eqgs. (5) and (6) were used to correct the measured reflectance pro-
files for all test samples before the procedure of determining the
Ma and py values was started.

C(r)= (6)

2.5. Determination of optical properties

Optical properties (jta and pg) of the fruit and vegetable sam-
ples were determined from the spatially resolved hyperspectral
images using the steady-state diffusion theory model (Farrell et
al,, 1992). The data analysis procedures are illustrated in Fig. 3. The
original hyperspectral images were first converted to the calibrated
images using the information obtained from the spectral, geomet-
rical, and nonuniform instrumental calibrations for the imaging
system. Image preprocessing was then performed to improve the
signal-to-noise ratio of the calibrated images. Spatially resolved dif-
fuse reflectance profiles were extracted over 500-1000 nm from
the enhanced images, followed by the procedure of fruit size
corrections for the spatial profiles due to the light intensity dis-
tortion caused by the curved fruit surface. This spectral range
(500-1000 nm), instead of 400-1000 nm, was chosen because the
signals below 500 nm and above 1000 nm were weak and noisy,
and thus were not used. Finally, the diffusion theory model was
used to fit the corrected experimental data using a trust-region

nonlinear least squares fitting algorithm, and the absorption and
scattering spectra of the samples were obtained in the spectral
region of 500-1000nm. The above described procedures were
implemented in Matlab (The MathWorks, Inc., Natick, MA, USA).
A detailed description of the data analysis methods for determin-
ing the optical properties using hyperspectral image data can be
found in Qin and Lu (2007).

The inverse algorithms described above were validated by test-
ing three types of liquid simulation samples made of intralipid and
three absorption solutions (black India ink, blue and green dyes),
with accuracies of 16 and 11% for 4 and uj, respectively (Qin and
Lu, 2007). It should be noted that an improved version of imaging
spectrograph was used in this study, which had less signal distor-
tions and a higher spectral resolution, compared to the one used in
the previous study. Hence, the current imaging system would have
better accuracies in determining L, and p; than the one used in
our previous study.

2.6. Estimation of light penetration depths

Knowledge of light penetration depths is valuable because it
could help us in designing an appropriate sensing configuration to
collect optical information from the interior tissue of a food sam-
ple. Different methods of defining or measuring light penetration
depths have been reported in literature. Based on the diffusion the-
ory, light penetration depth (§) may be defined as the traveled
distance by which the light intensity level is reduced by a factor
of 1/e (~37%), and it is computed as the reciprocal of the effective
attenuation coefficient (uqf) (Wilson and Jacques, 1990):

1 1

Heft  /3pa(pea + 1)

Light intensity in the turbid media follows an exponential
decrease with . as the decay constant. Lammertyn et al. (2000)
defined the light penetration depth as the fruit slice thickness at
which diffuse reflectance spectra were significantly different from
those of a slice of infinite thickness. Fraser et al. (2001) suggested
the 1% light penetration depth, which is defined as the distance
where the light intensity is reduced to 1%. The 1% light penetra-
tion depth can be calculated as § In(1/1%)=4.616. In this paper, we
report on values of the 1% light penetration depth for the fruit and
vegetable samples. Since both absorption and scattering properties
(ma and pf) of fruits and vegetables are wavelength-dependent,
light penetration depth is also dependent on wavelength. Absorp-
tion and reduced scattering spectra of the test samples were used
to calculate penetration depths in fruit tissues. For the tomato sam-
ples, light penetration depths were calculated only for the mature
samples (20 red tomatoes).

)

(7)

3. Results and discussion
3.1. Hyperspectral reflectance images

A typical hyperspectral reflectance image acquired from a Fuji
appleis shownin Fig. 4(a), and its 3D display is shown in Fig. 4(b), in
which the intensity of the image is illustrated as a third dimension
in addition to the spatial and spectral dimensions. The actual spec-
tral range used for determining the optical properties was between
500 and 1000 nm and the effective spatial range was about 20 mm.
Each line taken from the image parallel to the spatial axis represents
one reflectance profile at a specific wavelength. Three normalized
spatial profiles extracted at 600, 675, and 800nm are shown in
Fig. 4(c). The spatial distance for the scattering profiles shown in
Fig. 4(c) has been corrected to account for the 1.6 mm distance
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Fig. 4. Hyperspectral scattering image of a Fuji apple: (a) 2D display, (b) 3D display, (¢) the normalized spatial profiles at 600, 675, and 800 nm, and (d) a spectrum at 1.6 mm

from the light incident point.

between the scanning line and the incident center. The three pro-
files in Fig. 4(c) are conspicuously different, indicating that the
optical properties of the fruit are wavelength-dependent. On the
other hand, each line parallel to the spectral axis of the image rep-

Apple (Golden Delicious)

Pear Kiwifruit

Plum

Apple (Red Delicious)

Tomato 1 (Green)

resents a spectrum at a specific distance. Fig. 4(d) shows a raw
spectrum obtained at the nearest spatial point (1.6 mm), in which
light absorption by chlorophyll-a in the apple is readily observed
around 675 nm.

Peach

Apple (Fuji)

Cucumber Zucchini Squash

Tomato 2 (Pink) Tomato 3 (Red)

Fig.5. Original two-dimensional hyperspectral scattering images of selected fruit and vegetable samples. The vertical axis represents the spectral dimension and the horizontal

axis represents the spatial dimension.
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Fig. 5 shows the original hyperspectral reflectance images from
one sample of each fruit and vegetable (including three varieties of
apple and three tomatoes with different stages of ripeness (green,
pink, and red)). Although the scattering profiles in Fig. 5 cannot
be adequately displayed due to the 2D white/black image display
format, a quick examination for the pattern of the bright or white
area of individual images can reveal some similarities and differ-
ences among the samples. A distinct narrowing or bottleneck in
the white area of the hyperspectral images at the wavelength of
675 nm was observed for the three varieties of apple (Golden Deli-
cious, Red Delicious, and Fuji), the peach, the pear, the kiwifruit, and
the green and pink tomatoes. This narrowing effect was due to light
absorption by chlorophyll-a in these fruit and vegetable samples,
which in turn reduced the scattering distance. The phenomenon
was almost nonexistent in the image of the red tomato because its
chlorophyll content would be low or nonexistent. The shapes of the
hyperspectral images of the cucumber and the zucchini squash are
similar; both had extremely small scattering sizes (due to high lev-
els of absorption) in the visible spectral region. The plum sample
was conspicuously different in its scattering image from those of
other fruit and vegetable samples; it had a much broader scatter-
ing area with no clearly observable chlorophyll absorption effect.
This could be due to differences in the pigments and other chemical
constituents between the plum and other fruits and/or vegetables.

3.2. Correction factor curves for the test samples

Fig. 6 shows the correction factor (C in Eq. (6)) curves used to
correct the spatially resolved scattering profiles of the fruit and veg-
etable samples, in which the zucchini squash, plum, and Fuji apple
were chosen to represent the minimum, medium and maximum
sample sizes used in the experiment, respectively. Light intensity
distortion caused by the curved fruit surface increased with the spa-
tial distance. At 10 mm from the light incident point, values for the
correction factor were 1.28, 1.13, and 1.08 for the zucchini squash,
plum and Fuji apple, respectively. This means that the curved fruit
surface could cause up to 28% distortion for the intensity of the
diffuse reflectance data obtained from the fruit and vegetable sam-
ples.Samples with a small diameter (or large curvature) would have
larger distortions in the diffuse reflectance signals. The correction
factor curves for the zucchini squash and Fuji apple represent the
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Fig. 6. Correction factor curves calculated using Eq. (6) for correcting the scattering
profiles for the three sizes of test samples representing the minimum, medium and
maximum sample sizes used in the experiment.

upper and lower bounds for all fruit and vegetable samples used in
the experiment, and the correction factor curves for other samples
fall between these two curves.

3.3. Optical properties of fruits and vegetables

Typical optical properties over the spectral region from 500 to
1000 nm for nine fruit and vegetable samples are presented in Fig. 7,
in which the absorption and reduced scattering spectra of Golden
Delicious and Fuji apple, peach, pear, and kiwifruit are shown in
Fig. 7(al) and (a2), respectively, and the absorption and reduced
scattering spectra of Red Delicious apple, plum, cucumber, and zuc-
chini squash are shown in Fig. 7(b1) and (b2), respectively. Solid
lines in Fig. 7(a2) and (b2) represent the best fits of p; using the
following wavelength-dependent function:
s =ar (8)
where a and b are parameters for the power series model, and they
are related to the density and the average size of the scattering
particles, respectively (Mourant et al., 1997; Doornbos et al., 1999).
The patterns of p, and p; spectra of other samples were gener-
ally similar to those shown in Fig. 7, although the absolute values
were different due to the variability of individual items within each
commodity.

mz}ﬁ%
=~ 10)
£ e
o .
0
500 600 700 800 900 1000
Wavelength (nm)
(b2)15
< 10%2a aas,
E
o
.
0
500 600 700 800 900 1000
Wavelength (nm)

Fig. 7. Optical properties of fruit and vegetable samples: (al) absorption and (a2) reduced scattering coefficients of Golden Delicious (GD) and Fuji apple, peach, pear, and
kiwifruit; (b1) absorption and (b2) reduced scattering coefficients of Red Delicious (RD) apple, plum, cucumber, and zucchini squash. Solid lines in (a2) and (b2) are the best
fits of u} using the wavelength-dependent function ) = aA~?, where X is the wavelength in nm and a and b are constants.
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Chemical bonds of biological materials absorb light energy at
specific wavelengths (known as ‘fingerprints’), thus the absorp-
tion properties are wavelength-dependent. The u, spectra of the
three varieties of apple (Golden Delicious, Fuji, and Red Delicious),
the peach, the pear and the kiwifruit all peaked at 675 nm, which
was attributed to the absorption by chlorophyll in the fruit tissue.
The kiwifruit had the highest chlorophyll absorption (2 =1.1cm™!
at 675 nm), which could be expected from its greenish flesh. The
white flesh peach had the lowest absorption value (11, =0.3cm™1)
at the chlorophyll absorption band among the five fruit samples
(Fig. 7(a1)), which could be due to its low amount of chlorophyll
content, as evidenced by its white-colored flesh. For the spectral
range less than 550 nm, absorption due to carotenoid in the fruit
tissue, which has an absorption peak at 480 nm (Merzlyak et al.,
2003), became evident for the Golden Delicious and Fuji apples,
the peach, the pear and the kiwifruit (Fig. 7 (a1)). For wavelengths
between 730 and 900 nm, the absorption values of all the fruit and
vegetable samples were relatively small and stable. Absorption val-
ues for these samples showed significant increases for wavelengths
above 900 nm, and they peaked at 970 nm due to water absorption.
Water has a weaker absorption around 760 nm. But this absorp-
tion peak was not observed on the absorption spectra presented in
Fig. 7(a1l) and (b1), which could be due to the fact that the current
imaging system had a relatively low spectral resolution (4.54 nm)
and hence it could not detect such small absorption peaks.

Absorption peaks due to chlorophyll absorption at 675 nm were
not observed for the plum, cucumber, and zucchini squash sam-
ples (Fig. 7 (b1)). A strong absorption peak was found at 535 nm
for the plum due to absorption by anthocyanin in the fruit tissue
(Merzlyak et al., 2003), and at the same spectral position, a smaller
absorption peak was also observed for the Red Delicious apple for
the same reason. The cucumber and the zucchini squash showed
similar patterns for their absorption spectra, which, however, were
conspicuously different from those of other fruit samples. The
Ja spectra of these two vegetable samples were peaked at 550
and 720 nm, which were probably attributed to the absorption by
turmeric and other pigments in the vegetable tissue.

Within the visible and short-wave near-infrared region, the val-
ues of u, for the fruit and vegetable samples in the relatively flat
spectral range of 730-900 nm were generally lower, except for the
Red Delicious apple, the cucumber and the zucchini squash, which
had relatively large w, values in this spectra region. The maxi-
mum values of p, usually occurred at 675 and 535 nm, which
corresponded to the absorption bands of major pigments (i.e.,
chlorophyll and anthocyanin).

Unlike the prominent ‘fingerprints’ appearing in the absorption
spectra, the reduced scattering spectra of the fruit and vegetable
samples did not show particular spectral features other than
the trend of steadily decreasing u; values with the increase of
wavelength. Wavelength affects the number of multiple scatter-
ing interactions between photons and scattering particles in the
samples. Generally, light has more scattering interactions in short
wavelengths than in longer wavelengths, and hence the reduced
scattering coefficient has larger values in short wavelengths than
in longer wavelengths. Consequently, the minimum and maximum
s values for the fruit and vegetable samples appeared at 1000 and
500 nm, respectively. The peach sample had the highest u; val-
ues (12.0-14.0cm!) over the entire spectral region from 500 to
1000 nm, while p; values were lower for the plum (7.6-8.1 cm™1).
Other samples had intermediate values for the reduced scattering
coefficient. Values of the parameters a and b in Eq. (8) were dif-
ferent for the u; spectra of different fruits and vegetables, which
suggested that the scattering particles in these samples may have
different densities and average sizes. Hence, the reduced scattering
coefficient could be potentially used to estimate quality attributes,

such as firmness, of fruits and vegetables. It is worth noting that
values of i were generally at least one order higher than those of
M for all the samples (except for the kiwifruit and plum around
the wavelengths of 675 and 535 nm, respectively), indicating the
dominant effect of scattering for photon transport in fruits and
vegetables over the visible and short-wave near-infrared region.

Since large property variations exist among samples of the
same type fruit or vegetable, values of the absorption and reduced
scattering coefficients presented in Fig. 7 are not necessarily repre-
sentative of these products. The overall patterns of the absorption
and reduced scattering coefficients for the apple samples obtained
using the spatially resolved steady-state hyperspectral imaging
technique in this study are generally in agreement with those
obtained by the method of time-resolved reflectance spectroscopy
(Cubeddu et al., 2001a) and using a new spatial-frequency-domain
technique (Anderson et al., 2007). Compared to the time-resolved
method, the hyperspectral imaging technique covered a larger
spectral region towards the short wavelengths (500-1000 nm),
which included the absorption band of another important pigment
(i.e., anthocyanin) in addition to chlorophyll. The hyperspectral
imaging technique is noncontact, faster, less expensive, and eas-
ier for measuring turbid food and agricultural products. However,
the measurement results from the spatially resolved hyperspectral
imaging technique could be more influenced by the presence of
sample skin or the surface layer, compared with the time-resolved
technique. The optical properties obtained with the hyperspectral
imaging technique reflect both surface (skin) and sub-surface lay-
ers (flesh) of tissue. It remains to be further investigated on the
extent of the surface layer of horticultural products, to which it
would affect the optical property measurement.

3.4. Application examples

Two application examples are given in this section of using
optical properties to estimate the ripeness of tomatoes and light
penetration depths for different fruits and vegetables.

3.4.1. Optical properties of tomatoes in relation to their ripeness

To demonstrate how optical properties may be used to assess
fruit maturity and/or quality, we first examined spectra of the
absorption coefficient of three tomatoes each with a different
ripeness stage (green, pink, and red), which are shown in Fig. 8.

Dramatic changes in the pattern of the absorption spectra were
observed for the tomatoes with different ripeness stages (Fig. 8(a)).
The tomato with the green background color would contain a large
amount of chlorophyll, and consequently it had a strong absorp-
tion peak at 675 nm. As a tomato fruit ripens from the green stage
to the pink stage, its chlorophyll content decreases, while antho-
cyanin is produced and starts to increase. As a result, one would
expect a trend of the decreasing absorption at 675 nm and increas-
ing absorption at 535 nm from the green stage to the pink stage.
This pattern of changes was clearly observed from the absorption
spectra of the green and pink tomatoes shown in Fig. 8(a). When a
tomato is fully ripe, chlorophyll would be greatly reduced or may
disappear completely and anthocyanin becomes the dominant pig-
ment in the fruit tissue. Consequently, one would expect a strong
absorption peak at 535nm for the red tomato due to the large
amount of anthocyanin, along with the disappearance of the chloro-
phyll absorption at 675 nm. These are exactly what were observed
from the absorption spectrum of the red tomato in Fig. 8(a). The
green and red background colors are often related to the imma-
ture and mature conditions of tomatoes, respectively. Therefore,
the . values at 535 and 675 nm and/or their ratio could be used
for evaluating the maturity or ripeness of tomatoes. Fig. 8(b) shows
that all 60 tomatoes were correctly separated into three ripeness



J. Qin, R. Lu / Postharvest Biology and Technology 49 (2008) 355-365

363

= Tomato (Pink)

+Tdmato (Green)
——Tomato (Red)

0 L L 1 L
500 600 700 800 900 1000
Wavelength (nm)
(b) 3.0 . .
c 6 © %% o0 o Tomato (Green)
£ o & Tomato (Pink)
o ©0 oo
2 2.0 o © ofi g + Tomato (Red) |-
2" o a
i At & A
A a
Eqor L & -
© a _a%s a7 aBAp 4
=7 0 I \ +++++++++T+++++++++..
1 10 20 30 40 50 60

Sample Number

Fig. 8. (a) Absorption spectra of three tomatoes with green, pink, and red background colors and (b) the classification of 60 tomatoes into three ripeness groups (green, pink,

and red) based on the ratio of the absorption coefficient at 675 nm to that at 535 nm.

stages based on the ratio of absorption values at 675 nm to those at
535nm.

Considerable variations in the pj spectra were also observed
for the tomatoes with different levels of firmness (Fig. 9(a)). Hard
tomatoes had consistently higher p; values than the softer ones
over the entire visible and short-wave near-infrared region. The
softening process of tomatoes is accompanied with the weaken-
ing of cell walls and the disintegration of pectins binding the cell
walls. Hence the density of the scattering particles in the fruit tis-
sue would decrease during the softening process. The parameter a
in Eq. (8) is proportional to the density of the scattering particles
(Mourant et al., 1997), and it determines the absolute values of 1.
Thus soft tomatoes tended to have lower 1§ values, whereas harder
ones would be more conducive to the scattering of photons. This
pattern of changes was clearly demonstrated in the p spectra for
the tomatoes with three firmness levels (hard, medium, and soft) in

Fig. 9(a). A simple correlation plot for the 60 tomatoes showed that
the firmness of the tomatoes positively correlated with the value of
s at each wavelength between 500 and 1000 nm (Fig. 9(b)). Cor-
relations were greater than 0.50 at all wavelengths between 500
and 1000 nm, with the maximum r value of 0.66 at 790 nm. These
results demonstrated that the reduced scattering coefficient could
be useful for evaluating the firmness of tomatoes.

3.4.2. Estimated light penetration depths

With the knowledge of optical properties, we could estimate
light penetration depths in the tested fruit and vegetable samples.
Fig. 10 shows the estimated light penetration depths for one sample
of each fruit and vegetable tested in this study. The minimum light
penetration depths, ranging from 0.71 cm at 535 nm for the plum to
1.38 cm at 720 nm for the zucchini squash, generally occurred at the
absorption peaks of the major pigments in the fruits and vegetables
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Fig.9. (a) Spectra of the reduced scattering coefficient (u; ) for three tomatoes at different firmness levels (hard, medium, and soft) and (b) a simple correlation plot between
the measured Magness-Taylor fruit firmness and p; over the wavelengths of 500-1000 nm.
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Fig. 10. Estimated light penetration depths for the fruit and vegetable samples (the symbols GD and RD represent ‘Golden Delicious’ and ‘Red Delicious’, respectively).

(535 nm for anthocyanin and 675 nm for chlorophyll). Penetration
depths corresponding to the absorption bands of water at 970 nm
and other minor pigments (e.g., anthocyanin in the Red Delicious
apple at 535 nm) appeared as local minimums. Minimum penetra-
tion depths for the Golden Delicious apple, the peach and the pear
were observed at 500 nm, where the u} values were at the highest
levels over the spectral region of 500-1000 nm and light absorp-
tion due to carotenoid in the fruit tissue exceeded the chlorophyll
absorption (see Fig. 7(a1) and (a2)). On the other hand, the max-
imum penetration depths, ranging from 1.83 cm for the Golden
Delicious apple to 6.52 cm for the zucchini squash, were located
either in the flat absorption range of 730-900 nm (the Golden Deli-
cious apple, the Fuji apple, the peach, the pear, and the plum) or
at other spectral positions where the u, values reached their min-
imum levels (the kiwifruit, the Red Delicious apple, the cucumber,
and the zucchini squash).

Light penetration depth is directly related to light attenuation in
the fruit and vegetable tissues, which involves both absorption and
scattering. Pigments and water are strong absorbing constituents
in fruit and vegetable tissues, and they determine the major
spectral features of light penetration in these products, although
scattering properties are equally important for determining the
absolute values of penetration depth (Eq. (7)). The overall patterns
of light penetration depths in Golden Delicious and Fuji apples are
consistent with those for Jonagold apples measured using an exper-
imental method via an optical fiber probe (Lammertyn et al., 2000).
The penetration depths estimated for these two varieties of apple in
this study were larger than those for Jonagold apples (0.2-0.4 cm).
Fraser et al. (2001) reported greater penetration depths, defined
at a relative transmission intensity of 1% in the fruit tissue, than
those in this study. Different results should have been expected
since the definition of light penetration depth, instrument perfor-
mance/setup, and fruit variety and condition were different in the
current and other studies. Since large variations in the absorption
and scattering properties exist among samples of the same type
of fruit/vegetable, large differences in the estimated light pene-
tration depths are also expected. Hence the estimated penetration
depths presented in Fig. 10 may not represent typical values for
these fruits and vegetables; instead, they show the general pat-

terns that would be expected for these horticultural products. To
establish the range of light penetration depths for a specific vari-
ety, a full-scale experiment with a large number of samples will be
needed. Furthermore, the estimated light penetration depths are
dependent on the measured optical properties, and the errors of
light penetration estimations are directly proportional to the errors
in the measured optical properties.

4. Concluding remarks

This research demonstrated that the spatially resolved steady-
state hyperspectral imaging technique combined with inverse
algorithms developed based on the diffusion theory model was
useful for measuring the absorption and scattering properties of
fresh fruits and vegetables over the spectral range of 500-1000 nm.
The absorption spectra revealed major pigments (i.e., chlorophyll,
anthocyanin, and carotenoid) in the tissues of the fruit and veg-
etable samples. The reduced scattering spectra steadily decreased
towards the longer wavelengths with different values and slopes
for different commodities. Significant absorption pattern changes
were observed for tomatoes at different ripeness stages due to the
changes of anthocyanin and chlorophyll content in the fruit tis-
sue, and values of the reduced scattering coefficient decreased with
the firmness of tomatoes. Strong absorbing constituents (i.e., pig-
ments and water) in the fruit and vegetable tissues determined
major spectral features of the light penetration depths. The two
application examples demonstrated that optical properties could
be useful for assessing fruit maturity/quality and estimating light
penetration depths.

The spatially resolved hyperspectral imaging method is noncon-
tact, relatively simple, and more suitable for horticultural products,
compared to the time-resolved and frequency-domain methods.
The method is, however, based on the diffusion theory model that
is derived for homogeneous semi-infinite media, and thus it has
limitations in application to horticultural products. Most horticul-
tural products have a surface layer (skin) whose optical properties
could be quite different from those of the sub-surface tissue. Hence
the measurement results would inevitably reflect the properties
of both the surface and sub-surface layers. For small size horticul-
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tural productitems, larger errors in the measured optical properties
could be introduced due to their greater surface curvature. Further
research is needed to better quantify these factors, so that the tech-
nique can be more effectively used for accurate measurement of the
optical properties of horticultural and food products.
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